Abstract: We measured the ultrasonic vibration current of aqueous solution of dodecyltrimethylammonium bromide (DTAB) and dodecyltrimethylammonium chloride (DTAC) as a function of surfactant concentration at 298.15 K under atmospheric pressure. The dependence of vibration current on the surfactant concentration exhibited a break point around the critical micelle concentration (CMC) in the DTAB system, whereas no break point was observed in the DTAC system. Taking account of the theory for vibration current, this suggests that the vibration current in the concentration regime higher than CMC depends on the electrostatic properties of micelle surface. From the difference in the slope of vibration current versus molarity curve above CMC, it was found that the z-potential of DTAC micelle is larger than that of DTAB micelle. This can be explained by the dissociation degree of counterions from the micelle surface. In addition, the theoretical equation of vibration current enabled us to estimate the partial molar volume of surfactant ions from the different behavior of vibration current in the concentration regime lower than CMC.
INTRODUCTION
The propagation of a sound wave in an electrolyte solution causes the vibration of both cations and anions. Because of the difference in their masses, the motion of cations and that of anions may differ from each other. This induces the periodic change in the density of either cations or anions at a given point in the solution, as shown in The resulting potential difference between two points in the solution can be measured by putting the electrodes at the position of the half of wavelength. This potential difference is called the ion vibration potential (IVP). Debye predicted such an electroacoustic phenomenon and derived an approximate expression for IVP 1) . Then, the Debye s theor y for IVP has been extended by some researchers 2, 3) . A similar effect occurs in a suspension of colloidal particles. In the case of colloidal suspension, the size of colloidal particles is obviously much larger than that of electrolyte ions. Therefore, the potential difference in the colloidal suspension is caused by the distortion of an electrical double layer formed around each particle as shown in in contrast to the relative motion of cations and anions in the electrolyte solution. This potential difference is called the colloid vibration potential (CVP). The theory for CVP has been developed by Enderby 4) , Marlow et al. 5) , and O brien 6) . From a practical point of view, furthermore, Ohshima and Dukhin [7] [8] [9] [10] have derived the theory of CVP in a concentrated suspension.
In the above-mentioned theoretical studies, IVP and CVP have been treated separately, and therefore, the relationship between them has been ambiguous for a long time, in spite of an importance for a real colloidal suspension in an electrolyte solution. For this problem, Ohshima has derived more general electroacoustic theory for the poten-tial difference caused by a sound wave in a dilute suspension of spherical colloidal particles in an electrolyte solution by considering explicitly the presence of both particles and electrolyte ions 11, 12) . This theory first enables us to analyze the vibration potential in the system including both particles and electrolyte ions, i.e., a general colloidal suspension.
Surfactants in the aqueous solution form the micelle at a critical micelle concentration (CMC). It is very interesting to investigate the micellar solution from a viewpoint of the electroacoustic phenomenon because the aqueous solution of ionic surfactant behaves like an electrolyte solution below CMC, whereas it may be regarded as a kind of dilute colloidal dispersion above CMC. Although the electroacoustic measurement has been often applied to the emulsions composed of oil and water [13] [14] [15] [16] [17] [18] , there are few studies on the micellar solution. Borthakur and Zana found that the ultrasonic absorption of aqueous solution of nonionic surfactants increases with the micelle formation, and furthermore, they referred to the exchange rate of surfactants between bulk and micelles by analyzing the absorption data 19) . Durackova et al. measured the ultrasonic velocity of the aqueous solution of surfactants and elucidated that a distinct break point appears on the plot of ultrasonic velocity against the surfactant concentration 20) . The results of these studies imply that the micelle formation affects the electroacoustic phenomenon.
In order to clarify the relationship between the micelle formation and electroacoustic phenomenon, we measured the ultrasonic vibration current of aqueous solution of ionic surfactants as a function of surfactant concentration in this study. In addition, the counterion effect on colloid vibration current was investigated because the colloid vibration current is related to the dynamic electrophoretic mobility according to the theoretical equation.
EXPERIMENTAL

1
Dodecyltrimethylammonium bromide (DTAB, Wako Pure Chemical Industries, Ltd.) was purified three times by recrystallization from a mixture of acetone and ethanol. Dodecyltrimethylammonium chloride (DTAC, Tokyo Chemical Industry Co., Ltd.) was purified five times by extraction of organic impurities using hexane and then five times by recrystallization from a mixture of ethyl acetate and ethanol. The purity of surfactants was confirmed by observing no minimum on the surface tension versus molarity of the aqueous surfactant solution curve around CMC.
2
Ultrasonic vibration current was measured by using Acoustic and Electroacoustic Spectrometer DT-1200 (Dispertion Technology, Inc.). The details of this instrument have been described elsewhere 21) . Here, we summarized the setup of a probe, which can generate an acoustic pulse and further detect the change of an electric field in the aqueous solution.
is a sectional and end view of the probe for measuring the vibration current. A piezoelectric device converts a radio frequency (RF) pulse into an acoustic pulse. The acoustic pulse is transmitted into the aqueous solution through a quartz delay rod and a buffer rod. Then, the vibration of species in the solution due to the acoustic pulse creates an electric field, which can be detected by a gold electrode. In the present configuration, the impedance of the measuring circuit associated with the probe is low compared to that of the aqueous solution, and therefore, the electric field causes a current to flow in the probe. This short circuit current is referred to as the ion vibration current (IVI) for an electrolyte solution and the colloid vibration current (CVI) for a colloidal suspension, respectively.
The frequency of the piezoelectric device was fixed at 3 MHz in this study. Prior to the experiment, the probe was calibrated by measuring z-potential of the standard colloidal solution (Silica Ludox: z-potential = -38 mV). The vibration current in the aqueous surfactant solution was measured as a function of the molarity of the aqueous solution at 298.15 K under atmospheric pressure.
1
shows the result of vibration current measurement in the aqueous solution of DTAB. As shown below, the vibration current plotted on the vertical axis in contains both IVI and CVI, and this is referred to as the total vibration current, TVI. The measurement of TVI was repeated 16 times in order to observe the reproducibility of this method. From , it was noted that the values of TVI increase linearly with molarity, and then, a break point appears at around 15 mM, where the concentration at the break point in each run is summarized in . Considering that the CMC value of DTAB is about 15 mM, it is suggested that the vibration current in the aqueous surfactant solution is affected by the micelle formation.
However, it is difficult to discuss the absolute value of TVI in this system because of the poor reproducibility. Here, we focused only on the variation of TVI with the concentration of DTAB aqueous solution. In , the reduced TVI, which was translated so that the TVI value at CMC is compatible with the average value ( 10.7 10 4 ) given in , is plotted against the molarity. As can be seen from , the TVI value varies regularly with the molarity, even though there is a difference in its absolute value in . Again, it was confirmed that the TVI versus molarity plot has a break point at CMC (ca. 15 mM).
The theoretical equation for TVI has been obtained by Ohshima as follows 11, 12) :
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( 1) where e, r 0 , r p , f, m(w), and DR represent the elementary electric charge, the mass density of liquid, the mass density of particle, the particle volume fraction, the dynamic electrophoretic mobility, and the pressure difference between two points in the solution, respectively. Then, z j , n • j , m j , and V j are the valence, the bulk concentration, the mass, and the partial molar volume of ionic mobile species j, respectively. Also, the drag coefficient l j of ionic mobile species j is defined by the following equation
where N A and L 0 j stand for the Avogadro s number and the limiting conductance of species j, respectively. When Eq. is applied to the vibration current of the aqueous solution of surfactant, we can distinguish between IVI and CVI according to the following viewpoint: (1) In the concentration regime lower than CMC, only cations and anions originated from the surfactant molecules are present in the solution. Namely, TVI is equivalent to IVI. (2) In the concentration regime higher than CMC, the micelle is formed in the solution, and the surfactant molecules in the micelle are in equilibrium with those in the solution. Therefore, we need to consider the contribution of both IVI and CVI to the vibration current. Assuming that the monomer concentration becomes almost constant above CMC, the contribution of IVI to TVI may be taken as the constant. Now, summarizing the above points, the concentration dependence of vibration current can be presumed as . Therefore, the increase in the vibration current above CMC is attributable to the micelle particles in the aqueous solution. Taking into account that the value of CVI in Eq. includes the dynamic electrophoretic mobility of particles, it is expected that the concentration dependence of TVI above CMC yields the information on the surface potential of particles (micelle). Let us examine this point in the next section.
In addition to the vibration current, we can obtain the phase of the electroacoustic signal as another experimental output. By the calibration using negatively charged silica particles, the phase for a negative particle is assigned to 180 degrees, while for a positive particle 0 or 360 degrees 22) . It is expected that the latter should be the case for DTAB micelle having the positive surface charge. 
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shows the concentration dependence of the phase in the DTAB aqueous solution. The values of phase steeply increase with increasing the concentration, and then, are held constant at around 180 degrees above CMC.
This result seems to be in conflict with the above expectation. Actually, this is attributable to the density contrast between a particle and surrounding medium. The silica particles for calibration are heavier than the surrounding medium (water in this case). Assuming that the density of DTAB micelle is regarded as that of hydrocarbon (dodecane in the case of DTAB), on the one hand, the micelle particles are lighter than the surrounding medium. In principle, the reversal of the density contrast causes the phase to shift by 180 degrees. Therefore, indicates that the DTAB micelle has a positive charge.
In order to investigate the effect of counterion on the ultrasonic vibration current, we measured the vibration current of DTAC aqueous solution. The results are shown in . Although the value of TVI increases monotonously with increasing the surfactant concentration in a similar manner as the DTAB system, no break point was clearly observed. The CMC of DTAC determined from the conductivity measurement is about 23 mM and drawn by a dotted line in
. From this fact, we should say that it is not useful to employ the vibration current measurement for the determination of CMC. As mentioned below, the vibration current measurement is available for the clarification of the electrostatic behavior of micelle, rather than the determination of CMC.
For the purpose of the comparison of ultrasonic vibration current between DTAB and DTAC system, the results of both systems were summarized in . Focusing on the concentration regime lower than CMC, the slope of DTAB system is much larger than that of DTAC system, where the slope of both systems is given in . According to the concept in , the vibration current in this concentration regime is attributable to the vibration of ions originated from the surfactant molecules. From Eq. , the theoretical equation for IVI in this case is written by the following equation:
where the subscript, + and -, corresponds to the surfactant ion ( In other studies [24] [25] [26] ), the value of V DTAB yields 278 290 10 -6 m 3 mol -1 . The lower V DTAB in this study may be due to the uncertainty of V -3) . This point will be made clearer by performing the electroacoustic study on the aqueous solution of other surfactants in the future work.
In the concentration regime higher than CMC, the slope of DTAC system becomes larger than that of DTAB system as can be seen from and . According to the concept in , this result means that the value of CVI in the DTAC system is larger than that in the DTAB system. Now, let us return to the theoretical equation of vibration current, Eq . The increase in the vibration current above CMC is described by the second term of Eq. . Taking into account that the surfactants employed in this study con- tain the common ion, i.e., the dodecyltrimethylammonium ion (DTA + ), it can be assumed that the mass density of micelle, r p , is the same in both systems. Then, it is found that the difference in the slope of CVI is dependent on the dynamic electrophoretic mobility, m(w), of micelle particles. In other words, the concentration dependence of CVI reflects the electrostatic properties of micelle surface, i.e., z-potential. Therefore, we can speculate that the z-potential of DTAC micelle is higher than that of DTAB micelle. This is expected from the well-known fact that the dissociation degree of bromide ion from the micelle surface is less than that of chloride ion 27, 28) . The results of and are valid qualitatively.
shows the phase in the DTAC aqueous solution. In analogy with the DTAB system, the value of phase approaches 180 degrees with increasing the surfactant concentration. This means that the DTAC micelle also has a positive charge.
CONCLUSIONS
In this study, we applied the ultrasonic vibration technique to the aqueous solution of ionic surfactants and focused on the variation of vibration current associated with the micelle formation. A break point emerged at around CMC in the DTAB system, but not in the DTAC system. Considering the equilibrium state between monomer and micelle in the aqueous surfactant solution, we can assume an additive property of IVI and CVI such as . Therefore, it may be concluded that the concentration dependence of CVI is important for the ultrasonic vibration measurement, rather than the existence of a break point on that curve.
In order to examine the counterion effect on the vibration current, we compared the concentration dependence of TVI in the DTAB and DTAC system. The result displayed well-defined difference in the vibration current. In the concentration regime lower than CMC, the partial molar volume of surfactant ion was estimated by applying the theoretical equation to the slope of IVI in both systems. On the other hand, the difference of CVI in the concentration regime higher than CMC was related to the z-potential of micelle surface according to the theory for vibration current, and then, explained qualitatively by the difference in the dissociation degree of counterion. We are sure that the ultrasonic vibration technique may become a powerful tool in the respect that it can detect sensitively a slight difference in the z-potential of surfactant aggregates (micelle, vesicle, and so on).
In the future, we need more quantitative discussion on the ultrasonic vibration current to learn the details of the z-potential of surfactant aggregates. For this purpose, however, we have to understand profoundly how to apply the complicated theoretical equation to the experimental data and how to treat each parameter in the equation. As one of solutions, we will measure the ultrasonic vibration current of the aqueous solution of many kinds of surfactants and speculate each parameter. : a value determined from conductivity measurement
